An examination was made of soluble extracellular materials produced by Anabaena cylindrica and some other species of blue-green algae, to exasmine whether they have any functional importance. Organisms of all the 15 species (representing 10 genera) examined produced extracellular pigment; with at least 10 of these species part of this pigment was not diffusible on dialysis, though the actual amount varied from 14 to 50 yo. The dialysis residue fractions of the extracellular products of A. cylindrica and 4 other species had similar amino acid compositions, rather different from those of extracellular polypeptides produced by other micro-organisms. The algal polypeptides had large proportions of serine and glycine, but no basic amino acids. The dialysis residue fraction of A. cylindrica extracellular product had no effect on spore formation and did not cause an increase in uptake of phosphate. A biological effect of this fraction was the decrease in the toxic effect of polymyxin B against A. cylindrica and Anacystisnidulans.
INTRODUCTION
There is much evidence that the production of extracellular substances by bluegreen algae is widespread and sometimes quantitatively important ; mucilaginous sheaths are frequently seen, and these are often coloured, usually in shades of yellow or brown. Fogg (1952) surveyed the literature about the production of soluble extracellular nitrogenous substances by blue-green algae, and concluded that this is a general feature of these organisms; later papers have supported this view (see review by Fogg, 1962; Fay, 1962; Stewart, 1963; Taha & Elrefai, 1962; Venkataraman, 1961) . However, little attempt has been made to assess the possible functional significance of this soluble extracellular material.
Jakob ( 1954, 1957) showed that the extracellular products of a strain of Nostoc muscorum contained a dialysis diffusate component which was biologically active on various other micro-organisms. Filtrates of old cultures with many heterocysts were especially active; when heterocysts were absent, the filtrate was not active. Fogg (1952) showed that the extracellular polypeptides of Anabaena cylindrica were able to complex 0.324 mg. copper with each mg. total peptide-nitrogen. Fogg & Westlake (1955) gave further evidence for an interaction between algal polypeptide and cations, and showed that colour changes occurred with pH value in the case of Fe (111) and polypeptide mixtures. Algal polypeptide binding of copper decreased its toxicity towards A. cylindrica; similar binding was also found with other elements which might be important for the growth of the alga. Superficially at least, it seems strange that the chelation of one metal decreases its toxicity, whilst the chelation of others may be expected to increase their availability. Fogg (1952) found that in later stages of growth of Anabaena cylindrica, the production of extracellular nitrogen always occurred. However, comparison a t equivalent stages of growth showed that such production was increased considerably by deficiency of certain elements (eg. iron) and was decreased slightly by a deficiency of molybdenum. The extracellular combined nitrogen was mainly polypeptide, with lesser amounts of an amide, the proportions of which decreased as the cultures aged. Fogg concluded that the polypeptides were liberated during metabolism at the outer surface of the organism. Hughes, Gorham & Zehnder (1958) and Gorham (1960) showed that a substance, toxic to various mammals and termed 'fast death factor' (FDF), was present in the organisms and in the culture fluid of an uni-algal culture of Microcystis aeruginosa. Bishop, Anet & Gorham (1959) showed that FDF extracted from the organisms was one of a mixture of 5 distinct polypeptides (see Table 2 ), and concluded that FDF was probably cyclic and of molecular weight between 1300 and 2600.
Soluble extracellular products of blue-green algae may thus have several quite different kinds of biological effect, some of which may be of ecological interest. The present work was done mainly with Anabaena cylindrica. Some comparative observations on other blue-green algae are also included in this paper.
METHODS
Anabaena cylindrica was obtained from the culture collection of Westfield College, London. There are a t present two strains (at least) of this organism in culture; one produces spores in older cultures (Cambridge collection no. 1403/2), and the other does not. The strain used in all experiments described here produced spores. The alga was grown in the medium described by Fogg (1949) with the modification that iron was added as Fe (111). EDTA chelate and the trace element mixture used was that of Allen & Arrion (1955) . The alga was inoculated into 250 ml. volumes of medium contained in penicillin flasks, and incubated a t 25' and a light intensity of 7000 mc. During incubation the flasks were shaken at 1-2-day intervals. The cultures were harvested at a late exponential stage of growth and filtered through kieselguhr and then through an Oxoid membrane filter, When sterile samples were required membrane filters were used, filtration being done with a sterile filter flask, the lower surface of the filter having been sterilized by ultraviolet irradiation.
Growth studies were done with 25 ml. medium in 100 ml. conical flasks incubated in a thermostat-controlled water bath provided with a shaking mechanism (Miller & Fogg,1957) . Extracellular material of Anacystis niduEans was obtained by growing this organism in the same way, but in the medium of Kratz & Myers (1955) .
Other organisms were grown in media and under conditions in which they are known to grow well; these cultures were harvested at late stages in growth.
Some field materials were also used. These included a dense bloom of Oscillatoria ylanctonica taken from St James's Park lake, London, in August 1962, a sample of London reservoir water containing 31 icrocyst is aerugiizosa, and colonies of Nostoc cornmime brought from The Burren, Co. Clare, Ireland. The samples of water containing blooms were filtered through kieselguhr and then membrane filters. The Nostoc colonies were grown in media in the laboratory for a few weeks and then treated like the pure cultures. With field collections it was obviously not possible to be sure that any extracellular material found had been released by the algae. However, with the 0. planctonica in particular the alga had been overwhelmingly dominant in the lake for some weeks before collection, so that material discussed below may have come from this alga. Amino acids were separated by two-way descending chromatography on Whatman 3 MM paper. The first solvent was phenol saturated with water, with a trace of ammonia in the chromatography tank. The second solvent was butanol + glacia,l acetic acid +water (90 + 10 + 29, by vol.). Amino acids were located by ninhydrin spray.
RESULTS

Physical and chemical observations on extracellular material
Pigments. The filtrate from old cultures of Anabaena cylindrica was reddish brown by reflected light, brown by transmitted light. Filtrates from cultures of 14 algae were also observed to be coloured during the later stages of growth ( Table 1) . After concentration of those samples of culture filtrate where colour was not very intense, the colours were : Mastigocladus laminosus, purple; Anacystis nidulans, lime-yellow ; the remainder, shades of brown to brown-yellow. Similar colours have been noted frequently in the sheaths of natural populations of bluegreen algae. I n some cases (e.g. Nostoc verrucosum) these pigments are probably intimately associated with the mucilaginous sheaths and are insoluble. In the field samples investigated here, all the colours showed evidence of being associated with soluble pigments. Filtrates of the lake water containing Oscillatoria were coloured brown, whilst filtrates of the water containing Microcystis aeruginosa showed a brown-yellow colour after concentration.
Absorption spectra of Jiltrates. Absorption spectra of 10 filtrates and the two natural water samples (see Table 1 ) were examined between 240 and 600mp.
All the filtrates absorbed throughout this range, generally with high absorption a t 240 mp, gradually decreasing at longer wavelengths. High ultraviolet absorption values were not necessarily associated with those media which were strongly coloured. For instance the two highest sets of absorption readings over most of the ultraviolet range were from Anacystis nidulans and Chlorogloea fritschii, the filtrates of which were only slightly coloured. Anabaena cylindrica showed a marked peak at 280-290 mp, Mastigocladus laminosus at 270-280 mp. All the others except Synechocystis snlina showed inflexions implying peaks in their spectra in this region. With the exception of A. nidulans, there was no tendency for peak formation or detectable inflection elsewhere. The filtrate of an old A . niduZans culture showed marked inflexions a t 300 and 360 mp; pteridines found in old cultures of this species (Forrest, van Baalen & Myers, 1959 ) have a main absorption peak at about 320 mp. However, the particular compound later isolated from A . nidulans organisms showed neither of its peaks in this region.
Preparation of Anabaena cylindrica polypeptide. Several methods (ion-exchange, activated charcoal, gel filtration) were tested as means for partially purifying extracellular polypeptide of Anabaena cylindrica. Part of the culture filtrate was non-dialysable ; some polypeptide was present in this fraction which was chosen for experiments, being salt-free material obtained by a method unlikely to have caused much breakdown of polypeptide. The absorption spectra of a sample of filtrate before and after prolonged dialysis (' Visking ' tubing) against distilled water, after making allowance for slight changes in the spectrum with changes in pH value, were different. Relatively more material absorbing in the ultraviolet region passed through the membrane than material which absorbed in the visible region. The molecule causing a peak at 290 mp passed preferentially through the membrane as compared with other absorbing material. Possibly the peak was caused by the aromatic groups known to be present in A. cylindrica filtrates (tyrosine, phenylalanine; Fogg, 1952 Dialysis of culture filtrates of five other blue-green algae and of the two natural water samples (see Table 1 ) gave similar results. The most obvious differences between the materials from different organisms were considerable differences in the proportion of material in the dialysis residue, and the fact that prolonged dialysis of Alzacystis nidulans culture filtrate against water led to a precipitation, which did not occur with filtrates of the other species. Duplicate chromatograms were run with Anabaena and Oscillatoria material and single ones with the other samples. The amino acids found are shown in Table 2 , together with the list for an undialysed sample of filtrate (Fogg, 1952) and the fast death factor (FDF) of Microcystis aeruginosa (Hughes et al. 1958) . Several unidentified spots are omitted from Table 2 . The most prominent of these was one separating from and moving slightly ahead of leucine in the butanol+acetic acid + water solvent. This was present in Anacystis and Oscillatoria material'and possibly also in others. This unrecognized compound is almost certainly not an-artifact due to the breakdown of leucine. The several other faint spots did not include one which seemed likely to be diaminopimelic acid.
Good separation was not obtained with the ninhydrin-reactive material on the Chlorogloea chromatogram. From the other 4 chromatograms it was concluded that the samples of filtrate contained polypeptides of rather similar amino acid composition. They agreed in the prominence of alanine, glycine and serine, and the presence of aspartic acid, glutamic acid, leucine, threonine and valine. There were several differences among the other substances, though the Anabaena and Nostoc products were similar, qualitatively and quantitatively. Two observations are worth noting: (i) the presence of p-alanine in Anabaena and Nostoc material; (ii) the probable absence of tyrosine as compared with its marked presence with the other two algae. Tyrosine was found in both the desalted hydrolysed filtrate samples studied by Fogg (1952). Other observations and tests made on the non-dialysable fraction of the filtrate of Anabaena cyliiadrica were reported by Whitton (1963).
Some biological effects of algal polypeptides
Samples of the dialysis residue fraction of Anabaena cylindrica culture filtrate were used in all the following experiments. Several samples of culture filtrate were used, but all the experiments with polymyxin B were made with the same sample of filtrate. The filtrates were evaporated to about one-twentieth of their original volume, the temperature not being allowed to rise above 65". The concentrate was membrane-filtered, dialysed against water, re-filtered, and stored at a concentration corresponding to an extinction of 10 units at 400 mp. This material will be called polypeptide below, although it may have contained other extracellular nondialysable components.
Eflect of polypeptide o n spore formation. Anabaena cylindrica can be subcultured, for a t least a few times, in a condition almost free from mucilage and spores, yet when growth in shaken cultures of limited volume the organism always changes from a freely suspended planktonic state to a mucilaginous and spore-producing state. This occurred quite early in growth, and thus might not be due to a deficiency of a nutrient, but rather to the secretion of extracellular material above a given concentration. Replicate sets of cultures grown with and without polypeptide added to the medium showed no difference in spore counts after incubation for 7 days, Eflect of polypeptide on phosphate uptake. Experiments were done to see whether the presence of polypeptide in the medium affected the short-term uptake of phosphate by the alga. There was no significant effect.
E$ect of polypeptide o n the toxicity of polymyxin B. The results of Hunter & McVeigh (1961) indicated that Anabaeiba cylindrica was very resistant to polymyxin B; there was no inhibition of growth at a concentration of polymyxin B 200 pg./ml. Other results in the literature indicate that blue-green algae are much more sensitive to polymyxin B than is A . cylindrica; this was confirmed by tests made in the present work. Some explanation was therefore sought for Hunter & McVeigh's result. Experiments were made to see whether A . cylindrica polypeptide might decrease the toxic affect of polymyxin B on the alga. (The term polypeptide is used in this section as synonymous with the algal dialysis residue. It is however possible that the effects observed are due to a component other than polypeptides.)
Certain procedures were used in all the following experiments with Anabaena cylindrica. Medium (20 ml.) was added to fourteen 100-ml. conical flasks, sterilized and K,HP04 solution was added, to four-fifths the concentration normally used, to minimize the formation of precipitate. Polypeptide was added to the experi-mental set of flasks, and then the polymyxin B solution to a series of concentrations in control and experimental flasks. Water was added where necessary to bring the volume up to 25 ml. After inoculation with spore-free filaments to give 28-40 cells1 mm.3, the cultures were incubated a t 25" with continuous shaking.
Toxic eflect of polyrnyxin B on Anabaena cylirdrica. In the first experiment of this series, a concentration of the stock polypeptide sample was used corresponding to extinction E400 0-020, and polymyxin B concentrations of 0 , 2 , 4 , 6 , 8 , 10,12 units/ml. Some cultures grew only after a lag, and a rough estimate of this lag was made visually. The results are in Table 3 . It was concluded that addition of algal polypeptide caused more polymyxin B to be needed before it was toxic to young algal filaments. Microscopic observation of those cultures which lagged in growth showed that many filaments were killed and the cells fragmented. Another experiment with a polypeptide concentration equivalent to E400 0.040 showed a similar picture.
'There was no visible inhibition of growth a t polymyxin B 18 pg./rnl. (the highest dose tested) with polypeptide present; without polypeptide there was a lag of 1 day with polymyxin B 6 pg./ml. and no survival above this concentration. A further experiment with a polypeptide concentration equivalent to E4w 0.1 00, gave rather different results. Without polypeptide, growth occurred with polymyxin 13 4 units/ml., but not 6 units/ml. With added polypeptide and a range of polymyxin concentrations from 30-150 units/ml. the filaments in each case remained intact and apparently healthy for several days (in contrast to those without polypeptide and with polymyxin B a t 6 units/ml. and above). But microscopic observation on day 5 , showed that the filaments had become moribund, and no growth subsequently occurred. Unlike the cultures without polypeptide the cells did not disintegrate.
Toaicity of polymyxin B to Anacystis ILidulans. Experiments like the previous ones were done with Anacystis nirlularbs to test whether the effect of Anabaena cylindrica polypeptide was specific for its own cells, or whether it could decrease polymyxin B toxicity for other organisms. The experiments were like the first experiments with A . cylindrica except that the A. nidulans inoculum gave an initial cell count of 84 cell~/rnm.~, and Kratz & Myers's (1955) medium a t 35" was used. The A . cyEindrica polypeptide concentration tested was equivalent to E400 0.020. The results obtained after incubation for 7 days are shown in Table 4 it was concluded that the lowering of the toxicity of polymyxin B by A . cylindrica polypeptide was not specific for A. cylindrica only. Because there was variation in the behaviour of the controls with regard to sensitivity to polymyxin B, the effects of a range of algal polypeptide and polymyxin concentrations simultaneously were compared. This experiment was done with A . cylindrica polypeptide and A. nidulans.
The experiment was done in a hundred 4 ml. tubes, with a 2.5 ml. medium in each. The growth medium was that of Kratz & Myers (1955) a t half strength, and with added NaHCO, (0.2 g./l.). The tubes were incubated without shaking a t 35". The results are illustrated in Fig. 1 . It was concluded that there was an almost linear relationship between concentration of polymyxin B toxic to A. ~~i~u l a l z s and the concentration of Alzabaena cylindrica polypeptide, over the range tested. The algal polypeptide caused no precipitation addition to a solution of polymyxin B 1000 pg./ ml. Several cultures in which the polymixin B added had had no toxic effect were filtered; these showed no difference in absorption spectrum in the visible range as compared with that of the polypeptide originally present. The retention of extracellular material by a dialysis membrane was decreased only slightly by polymyxin B 100 ,ug./ml. It seems likely that the algal polypeptide acted in these experiments by competing with the polymyxin B for some site on or in the organism rather than by combining with it in the medium.
DISCUSSION
The results reported suggest that the extracellular substances from the pure cultures tested, and also from the field materials, have many features in common.
Whitton (1963) compared the production and amino acid composition of extracellular polypeptides of blue-green algae and bacteria. All the non-dialysable bluegreen algal polypeptides are more closely related to each other than to any bacterial ones yet described. There is much evidence suggesting that a situation in many ways similar to that occurring with the blue-green algae studied is also widespread among bacteria. This is perhaps especially true of the groups including some nitrogenfixing forms, and amongst these, the Bacillaceae. For instance, Benedict & Stodola (1949) noted the production of a brown pigment in the culture medium of BaciZZus polymyxa during growth. They stated that, while there is some relationship in colour between the supernatant fluid and polymyxin yields, the correlation between the two was not sufficiently significant to allow use of colour measurement as an analytical procedure for polymyxin assay.
Two examples from the literature which look particularly close to those of bluegreen algae are from the genus Clostridium (Rosenblum & Wilson, 1950; Izumi, 1962) . I n the mucopolysaccharides isolated from culture medium of C. perfringens by Izumi, the main constituents were neutral sugars, amino acids, uronic acids and oligopeptides. This material is particularly close to the blue-green algal products studied here in that a range of amino acids is present (all of them occurring with Anabaena cylindrica), and that there are no basic ones present.
Finally the work of Lilly (1962) on a lipomucoprotein released into the medium by a lysine-requiring mutant of Escherichia coEi may be mentioned. Lilly pointed out that the amino acid composition of this lipomucoprotein differed from that of E . coli cell walls mainly in the absence of diaminopimelic acid, and suggested that it represented an outer layer of the cell wall which was sloughed off under certain nutrient deficiency conditions. It seems possible that such a situation may also hold with blue-green algae. Frank, Lefort & Martin (1962) studied the composition of the cell wall of Phornzidium uncinatum. The amino acids present in addition to the mucopeptide fraction are shown in Table 2 . It can be seen that the amino acid composition has many similarities to the extracellular polypeptide of Oscitlatoria planctonica.
Function of algal polypeptide. The lowering of polymyxin toxicity by the algal extracellular polypeptide is of interest for several reasons. Bacillus polymyxa is a very widespread organism, and grows under conditions suitable for many bluegreen algae (see Benedict & Stodola, 1949) . Bacillus rods are frequently visible on staining the sheaths of blue-green algae, and Miss V. G . Collins of the Freshwater Biological Association (personal communication) states that these are often B. polymyxa, and that with some species a t least the rods are generally present and often very abundant. Bisset (1962) stated that B. polymyxa was a well-known plant pathogen, and that it produced an (extracellular) pectinase. This pectinase might presumably be expected to attack the mucilages of blue-green algae. Inspection of the data in Benedict & Stodola (1949) shows that the formation of extracellular polypeptide might determine Crequently whether or not an alga might be killed by the polymyxin formed by the bacteria. It thus seems likely that the ability to withstand the polypeptide antibiotics produced by B . polymyxa is likely to be of considerable biological significance for the alga.
A further feature of interest in this phenomenon is that it provides a possible clue to another important biological function of the polypeptide. Newton (1953) showed that there was some inhibition of polymyxin toxicity by metal cations, and he concluded that the polymyxin and cations competed directly for sites on the cells. Since blue-green algal polypeptide is known to complex various metals, and since the results indicate that the algal extracellular material containing polypeptide probably competes directly with polymyxin for sites on or in the cell, it is suggested that it may function by presenting certain polyvalent cations in a chelated form to loci on or in the cell, and there exchange them for univalent cations, probably H+.
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